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Giant magnetoresistance amplifier for spin-orbit torque nano-oscillators
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Spin-orbit torque nano-oscillators based on bilayers of ferromagnetic (FM) and nonmagnetic (NM) metals
are ultra-compact current-controlled microwave signal sources. They serve as a convenient testbed for studies
of spin-orbit torque physics and are attractive for practical applications such as microwave assisted magnetic
recording, neuromorphic computing, and chip-to-chip wireless communications. However, a major drawback of
these devices is low output microwave power arising from the relatively small anisotropic magnetoresistance
(AMR) of the FM layer. Here we experimentally show that the output power of a spin-orbit torque nano-oscillator
can be enhanced by nearly three orders of magnitude without compromising its structural simplicity. Addition
of a FM reference layer to the oscillator allows us to employ current-in-plane giant magnetoresistance (CIP
GMR) to boost the output power of the device. This enhancement of the output power is a result of both large
magnitude of GMR compared to that of AMR and different angular dependences of GMR and AMR. Our results
pave the way for practical applications of spin-orbit torque nano-oscillators.
Electric current flowing in the plane of a ferromag-
netic (FM)/nonmagnetic (NM) bilayer can apply spin-
orbit torque (SOT) to magnetization of the FM1–8. The
simplest example of such a SOT is spin Hall torque (SHT)
arising from pure spin current in the NM layer that flows
in the direction orthogonal to both the charge current
and the FM/NM interface9–13. When injected into the
FM layer, this pure spin current applies SHT that can act
as negative magnetic damping and thereby excite auto-
oscillations of the FM magnetization14–21. The current-
driven auto-oscillations of magnetization result in a mi-
crowave voltage generation by the FM/NM bilayer due
to anisotropic magnetoresistance (AMR) of the FM15,22.
Since AMR in thin films of FM metals is relatively small,
the output microwave signal generated by the FM/NM
bilayer spin Hall oscillators (SHOs) typically does not
exceed several pW15,21. Here we report a new type of
SHO with additional FM reference layer in which the mi-
crowave power generation relies on current-in-plane giant
magnetoresistance (CIP GMR)23–25. Since the magni-
tude of GMR significantly exceeds that of AMR, this new
type of SHO generates significantly higher microwave
power than the AMR-based SHOs. The maximum mea-
sured microwave power generated by the GMR SHO de-
vice exceeds 1 nW, which is nearly three orders of mag-
nitude higher than the maximum microwave power pro-
duced by AMR SHO devices.
The main advantage of spin-orbit torque oscillators
over spin transfer torque oscillators based on magnetic
tunnel junctions (MTJs)26–31 is their structural simplic-
ity and ease of fabrication. Indeed, a FM/NM bilayer
spin-orbit torque oscillator device is powered by elec-
tric current flowing in the plane of the bilayer. Such
a CIP nano-device can be produced by means of a sin-
gle e-beam lithography step followed by a single etching
step32. In contrast, MTJ-based oscillators are powered
by electric current flowing perpendicular to the plane
of the MTJ layers. Fabrication of such devices is a
formidable task involving multiple lithography, etching,
and deposition steps. Given the ease of fabrication of
spin-orbit torque oscillators, they find use in fundamen-
tal studies of SOTs33 as well as nonlinear magnetiza-
tion dynamics34,35 and hold promise for practical appli-
cations such as microwave-assisted magnetic recording36
and neuromorphic computing37. However, a major draw-
back of spin-orbit torque oscillators devices is low effi-
ciency of converting direct bias current into microwave
output signal. This poor conversion efficiency arises
from the small value of AMR employed for convert-
ing current-driven magnetization auto-oscillations into
electro-magnetic microwave signal. Here we present a re-
alization of SHO that employs CIP GMR for generation
of the microwave power, which significantly improves the
conversion efficiency.
Results
Sample geometry and magnetoresistance. Fig. 1a
shows schematic of the GMR SHO device. The device is
a nanowire made from AFM/FM/NM/FM/Pt exchange
biased spin valve multilayer, where the direction of mag-
netization of the bottom FM layer is pinned by exchange
bias field from the antiferromagnetic (AFM) layer38–40.
Direct electric current flowing along the nanowire in the
heavy metal Pt layer applies SHT to magnetization of the
adjacent free FM layer and excites its auto-oscillations15.
CIP GMR in the FM/NM/FM spin valve serves as effi-
cient converter of the FM magnetization auto-oscillations
into resistance oscillations and microwave voltage result-
ing from these resistance oscillations41–43.
The GMR SHO nanowire devices stud-
ied here were patterned from a (sapphire
substrate)/Ir25Mn75(4 nm)/Co(2 nm)/Cu(4 nm)/
Co(0.5 nm)/Py(3.5 nm)/Pt(5 nm) multilayer deposited
by magnetron sputtering. The 0.5 nm thick Co dusting
layer was inserted between Cu and Py ≡ Ni80Fe20 layers
to enhance CIP GMR of the spin valve44. This metallic
spin valve multi-layer was post-annealed at 523 K for
1 hour to set the direction of the exchange bias field
parallel to the nanowire axis. A 65 nm wide by 40 µm
long nanowire was patterned from the multilayer by
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FIG. 1. a Schematic of a nanowire GMR SHO that consists of exchange biased CIP GMR spin valve, in which the free
layer is interfaced with a heavy metal layer (Pt). Here M is magnetization of the pinned layer, m is magnetization of the
free layer, φH is the angle between electric current and direction of in-plane magnetic field H. Exchange bias field from the
antiferromagnetic (AFM) layer is set in the direction of the electric current (along the nanowire axis). Direct electric current
density JHM flowing in the Pt layer injects pure spin Hall current density JS into FM free layer. This spin current applies
antidamping SOT to and excites magnetization auto-oscillations. b Scanning electron micrograph (SEM) of the GMR SHO
nanowire device. c Magnetoresistance of the nanowire GMR SHO device measured at T = 4.2 K with magnetic field applied
parallel to the nanowire axis.
using e-beam lithography and Ar ion milling. Two
Ti (5 nm)/Au(40 nm) contact pads separated by a
740 nm wide gap were attached to the nanowire in
order to apply in-plane electric bias current Idc to the
wire. The 740 nm wide part of the nanowire between
the contact pads forms the active region of the SHO
where electric current density and resulting antidamping
SHT can reach sufficiently high values to cancel the
natural magnetic damping of the FM layer and induce
magnetization auto-oscillations15. Fig. 1b shows the
scanning electron micrograph (SEM) of the GMR SHO
device.
In order to compare performance of the GMR SHO to
that of the conventional AMR SHO, we also fabricated
and studied an AMR-based SHO with nominal lateral di-
mensions identical to those of the GMR SHO in Fig. 1b.
This reference AMR SHO was patterned from (sapphire
substrate)/Cu(4 nm)/Co(0.5 nm)/Py(3.5 nm)/Pt(5 nm)
magnetic multilayer. The 4 nm Cu underlayer is added
to the standard AMR SHO design15 to produce Oersted
field acting on the free layer due to electric current in the
Cu layer that is similar to that in the GMR SHO.
All measurements reported in this paper are performed
in a continuous flow 4He cryostat at the bath tempera-
ture T = 4.2 K. Fig. 1c shows resistance of the nanowire
GMR SHO measured for magnetic field applied paral-
lel to the wire axis at a small probe current Idc = 0.5
mA. The data reveal switching of the free layer magne-
tization between parallel (low resistance, RP = 117.8Ω)
and antiparallel (high resistance, RAP = 124.3Ω) ori-
entations with respect to magnetization of the pinned
layer. The GMR ratio of the device ∆RGMR/RP, where
∆RGMR = RAP − RP, is measured to be 0.055. We also
measured AMR ratio in the reference AMR SHO device
and found it to be 0.004.
Microwave emission measurements. We next per-
form measurements of microwave signal generation by
the GMR SHO and AMR SHO driven by application of a
sufficiently large Idc to the nanowire. For these measure-
ments, we applied magnetic field H = 800 Oe in the plane
of the sample at angle φH with respect to the nanowire
axis as shown in Fig. 1a. This field is sufficiently high
to rotate the free layer magnetization, while the pinned
layer magnetization in the GMR SHO still has a large
component parallel to the nanowire axis. For φH near
90◦, the antidamping action of SHT is maximized be-
cause spin Hall current polarization is nearly opposite to
the free layer magnetization20.
The data in Fig. 2 shows measured power spectral den-
sity (PSD) of the microwave signal generated by the de-
vices as a function of Idc. These measurements were
made using a microwave spectrum analyzer and a low
noise microwave amplifier15. The data in Fig. 2b reveal
that auto-oscillations of magnetization in the AMR SHO
turn on for Idc exceeding the critical value of approx-
imately 3.0 mA. For these measurements, we misalign
the applied field direction from that perpendicular to the
nanowire by 5◦(φH = 85
◦) in order to achieve signifi-
cant conversion efficiency of auto-oscillations of magne-
tization into a microwave signal due to AMR15,21. The
auto-oscillatory mode frequency exhibits a small shift to
higher values with increasing bias current. This blue fre-
quency shift is to be contrasted to the red frequency shift
observed for bulk spin wave auto-oscillatory modes in
Py/Pt SHOs15. We attribute this blue frequency shift in
our Cu/Co/Py/Pt SHO to the Oersted field in the highly
conductive Cu layer. This Oersted field points in nearly
the same direction as the external applied field and thus
increases the ferromagnetic resonance frequency45 of the
free layer with increasing Idc.
Fig. 2a reveals that the GMR SHO device exhibits two
auto-oscillatory modes above the critical current of ap-
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FIG. 2. Spectral power density (PSD, color scale on the right) of microwave signal generated by GMR SHO a and AMR SHO
b, measured as a function of direct current Idc applied to the nanowire. For these measurements, in-plane magnetic field H =
800 Oe was applied at angle φH with respect to the nanowire axis. PSD versus frequency for GMR SHO c and AMR SHO d
measured at H = 800 Oe (Idc = 6.0 mA and φH = 90
◦ for the GMR SHO, Idc = 3.65 mA and φH = 85
◦ for the AMR SHO).
proximately 4.0 mA. The higher frequency (HF) mode
has nearly the same frequency as that of the AMR SHO
and exhibits nearly the same blue frequency shift as the
single auto-oscillatory mode of the AMR SHO. We thus
identify this mode as the auto-oscillatory bulk spin wave
mode of the free layer. As was shown in previous stud-
ies of AMR SHO, the amplitude of the auto-oscillatory
bulk spin wave mode is maximized in the middle of the
nanowire15. The other auto-oscillatory mode of GMR
SHO appears at a lower frequency (LF) and exhibits a
much larger blue frequency shift with increasing current
compared to the HF mode. This strong blue frequency
shift cannot be explained by the Oersted field from Idc.
Such a high blue shift has been previously observed for
auto-oscillatory edge spin wave modes in AMR SHOs15.
The edge spin wave mode results from spatially inho-
mogeneous demagnetizing field at the nanowire edges
that produces a magnetic potential well for spin wave
excitations46,47. The edge mode in nanowires exhibits
maximum amplitude at the wire edge. Recent theoreti-
cal work demonstrated that this blue frequency shift of
the edge mode can result from non-linearity of the con-
finement potential leading to magnon repulsion48 . We
therefore identify the LF mode as the edge mode of the
free layer. We rule out the possibility of the LF mode be-
ing the pinned layer auto-oscillatory mode driven by spin
Hall torque from the Ir25Mn75 layer
49–52 because strong
exchange bias field acting on the pinned Co layer requires
its auto-oscillatory frequency to be much higher than
2 GHz seen in Fig. 2a at the onset of auto-oscillations.
The microwave power emitted by the edge mode
rapidly increases with increasing current bias and the
overall microwave power emitted by the GMR SHO de-
vice is dominated by the edge mode. The dominant char-
acter of the edge mode auto-oscillations in the GMR SHO
compared to the AMR SHO is likely a result of spatially
inhomogeneous stray field from the pinned FM layer. In-
deed, application of external magnetic field perpendicu-
lar to the nanowire axis (φH = 90
◦) rotates the pinned
layer magnetization towards the applied field direction.
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FIG. 3. a Integral microwave power generated by GMR SHO (blue) and AMR SHO (red) as a function of bias current Idc. b
Rescaled axes of the AMR SHO data from a.
This gives rise to a stray field from the pinned layer that
is opposite to the applied field near the edge of the free
layer. This spatially inhomogeneous stray field enhances
the localizing spin wave potential for the free layer edge
mode. This, in turn, increases the spatial extent of the
edge mode, which boosts the microwave power generated
by the mode. Further theoretical studies are needed to
test this proposed mechanism of the edge mode ampli-
tude enhancement in GMR SHOs.
Fig. 2c and Fig. 2d show constant-current cuts of the
data in Fig. 2a and Fig. 2b. These data reveal that the
microwave power generated by the GMR SHO is much
higher than that emitted by the AMR SHO. It is also
clear that the spectral linewidth of the signal emitted
by the AMR SHO (full width at half maximum ∆f =
8 MHz) is much smaller than that of both the HF and
LF modes in the GMR SHO (∆f = 120 MHz for the
dominant LF mode). The higher spectral linewidth in
the GMR SHO can be explained by three factors. First,
since the critical current in the GMR SHO is higher,
higher ohmic heating in GMR SHO leads to temperature-
induced broadening of the spectral linewidth53–55. Sec-
ond, since two auto-oscillatory modes are simultane-
ously exited in the GMR SHO, interaction between these
modes leads to spectral broadening of both modes56,57.
Third, strong non-linear frequency shift of the edge mode
gives rise to non-linear enhancement of the linewidth52.
Bias dependence of SHO emission.
Fig. 3a shows integrated microwave power emitted by
the GMR SHO (φH = 90
◦) and AMR SHO (φH = 85
◦)
devices measured at H = 800 Oe as a function of current
bias Idc. The data in Fig. 3 are obtained via integration
of the spectra such as those in Fig. 2c and Fig. 2d. It
is clear from Fig. 3 that the output power of the GMR
SHO is much higher than that of the AMR SHO for all
bias current values. Fig. 3b shows the AMR SHO data
from Fig. 3a with rescaled axes. Consistent with previ-
ous studies15, integrated power of the AMR SHO first
increases and then decreases with increasing Idc. The
decrease of the integrated power at high currents can
be attributed to enhanced magnon population and re-
sulting strong non-linear magnon scattering at high cur-
rent densities58. The integrated power of the GMR SHO
monotonically increases with current up to the highest
bias current value employed in this study (Idc = 6 mA).
This is likely due to the higher critical current of the
GMR SHO compared to the AMR SHO so that decrease
of power induced by non-linear interactions is expected
at Idc > 6 mA.
Anglular dependence of SHO emission. We next
study angular dependence of the microwave power gen-
erated by the GMR SHO and AMR SHO devices. Fig. 4
shows the dependence of the integrated power emitted
by GMR SHO (Fig. 4a) and AMR SHO (Fig. 4b) on
the direction φH of a 500 Oe in-plane magnetic field.
The maximum power generated by the GMR SHO is ob-
served for magnetization direction φM perpendicular to
the nanowire axis (φM = 90
◦). This result can be ex-
plained by the angular dependence of CIP GMR24 in
this structure: R = RP +∆RGMR cos(φM ). The output
microwave power is proportional to square of the SHO
current-driven resistance oscillation amplitude, δR2ac, de-
fined by R(t) = R0+δRac sin(ωt). The maximum output
power is expected for the equilibrium direction of mag-
netization φ0
M
, which maximizes the amplitude of resis-
tance oscillations δRac. Substituting the expression for
time dependence of the in-plane direction of magnetiza-
tion φM (t) = φ
0
M
+δφac
M
sin(ωt) into the expression for the
angular dependence of CIP GMR and assuming δφac
M
≪
1 (57◦), we derive δRac = −∆RGMR sin(φ
0
M
)δφac
M
. It is
thus clear that δR2ac and the output power of GMR SHO
are maximized for φ0
M
= pi/2 (90◦), consistent with the
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FIG. 4. Dependence of the integrated microwave power generated by GMR SHO a and AMR SHO b on the direction φH of
in-plane magnetic field H = 500 Oe.
experimental data in Fig. 4a.
In the case of AMR SHO, the angular dependence of
resistance is given by R = RP −∆RAMR cos
2(φM ). Sub-
stituting the expression for φM (t) into the expression for
the angular dependence of AMR and assuming δφac
M
≪ 1,
we derive δRac = ∆RAMR sin(2φ
0
M
)δφac
M
. Therefore, the
maximum of and the output microwave power of the
AMR SHO can be expected at φ0
M
= pi/4 (45◦) and
φ0
M
= 3pi/4 (135◦). The data in Fig. 4b reveal that
the maximum power is observed near φ0
M
= 70◦ and
φ0
M
= 110◦. This apparent discrepancy between the-
ory and experiment can be explained by two considera-
tions. First, the shape anisotropy field of the nanowire
tends to pull magnetization of the free layer closer to
the axis of the nanowire than the applied field direction
φ0
M
. Therefore, φ0
M
< 70◦ for φH = 70
◦ (φ0
M
> 110◦
for φH = 110
◦). Second, the critical current Ic for ex-
citation of auto-oscillations by SHT depends on the di-
rection of magnetization17,18 (Ic ∼ 1/ sin(φ
0
M
)) and Ic
increases when magnetization rotates away from φ0
M
=
90◦. Therefore, rotation of the applied field away from
φH = 90
◦ at a constant bias current Idc results in Idc < Ic
when |φH − 90
◦| reaches a certain critical value. This
observation is consistent with the data in Fig. 4b that
reveal a precipitous drop of the emitted power down to
the background value for φH < 60
◦ and φH > 120
◦.
Discussion
In addition to SHT from the Pt layer, the free layer
of the GMR SHO may experience spin transfer torque
applied by spin current arising from the pinned Co
layer59–62. However, we expect this torque to be rela-
tively small in our nanowire system because magnetiza-
tion of the pinned layer is nearly collinear with the elec-
tric current direction in the pinned Co layer. Anomalous
spin-orbit torque acting on the free layer is expected to be
small for magnetization nearly perpendicular to the elec-
tric current direction and for the relatively small thick-
ness of the free layer used in our studies, and thus can
be neglected for our system as well.
In the case of GMR SHO, one particular direction of
magnetization (φ0
M
= pi/2 (90◦)) simultaneously maxi-
mizes the output microwave power and minimizes the
critical current for the excitation of auto-oscillations of
magnetization. Therefore GMR SHO offers good per-
formance in terms of both the critical current and the
output power. In the case of AMR SHO, the critical
current is minimized at (φ0
M
= pi/2 (90◦)) while the am-
plitude of resistance oscillations is maximized at different
angles (φ0
M
= pi/4 (45◦)) and (φ0
M
= 3pi/4 (135◦). There-
fore, AMR SHO design considerations necessarily include
a trade-off between low critical current and high output
power.
In conclusion, we experimentally demonstrated that
current-in-plane giant magnetoresistance can be used to
enhance the output microwave power of a spin Hall os-
cillator by nearly two orders of magnitude compared
to spin Hall oscillators that utilize anisotropic magne-
toresistance for generation of microwave signal. Our
data reveal that spin Hall oscillators with giant mag-
netoresistance signal amplification can be designed to
simultaneously minimize the critical current for excita-
tion of auto-oscillations and maximize the output mi-
crowave power of the oscillator. This enhancement in-
creases the viability of spin Hall oscillators for emerg-
ing nanotechnology applications, such as neuromorphic
and reservoir computing37,63,64 and chip-to-chip wireless
communications65.
6∗ ilya.krivorotov@uci.edu
1 K. Ando, S. Takahashi, K. Harii, K. Sasage, J. Ieda,
S. Maekawa, and E. Saitoh, “Electric Manipula-
tion of Spin Relaxation Using the Spin Hall Effect,”
Physical Review Letters 101, 036601 (2008).
2 Ioan Mihai Miron, Kevin Garello, Gilles Gaudin, Pierre-
Jean Zermatten, Marius V. Costache, Ste´phane Auffret,
Se´bastien Bandiera, Bernard Rodmacq, Alain Schuhl, and
Pietro Gambardella, “Perpendicular switching of a single
ferromagnetic layer induced by in-plane current injection,”
Nature 476, 189–193 (2011).
3 L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C.
Ralph, and R. A. Buhrman, “Spin-Torque Switch-
ing with the Giant Spin Hall Effect of Tantalum,”
Science 336, 555–558 (2012).
4 Frances Hellman, Axel Hoffmann, Yaroslav Tserkovnyak,
Geoffrey S. D. Beach, Eric E. Fullerton, Chris Leighton,
Allan H. MacDonald, Daniel C. Ralph, Dario A.
Arena, Hermann A. Du¨rr, Peter Fischer, Julie Grol-
lier, Joseph P. Heremans, Tomas Jungwirth, Alexey V.
Kimel, Bert Koopmans, Ilya N. Krivorotov, Steven J.
May, Amanda K. Petford-Long, James M. Rondinelli,
Nitin Samarth, Ivan K. Schuller, Andrei N. Slavin,
Mark D. Stiles, Oleg Tchernyshyov, Andre´ Thiaville, and
Barry L. Zink, “Interface-induced phenomena in mag-
netism,” Reviews of Modern Physics 89, 025006 (2017).
5 A. Manchon, H. C. Koo, J. Nitta, S. M. Frolov, and R. A.
Duine, “New perspectives for Rashba spin–orbit coupling,”
Nature Materials 14, 871–882 (2015).
6 Frank Freimuth, Stefan Blu¨gel, and Yuriy
Mokrousov, “Spin-orbit torques in Co/Pt(111) and
Mn/W(001) magnetic bilayers from first principles,”
Physical Review B 90, 174423 (2014).
7 K. D. Belashchenko, Alexey A. Kovalev, and
M. van Schilfgaarde, “First-principles calcula-
tion of spin-orbit torque in a Co/Pt bilayer,”
Physical Review Materials 3, 011401 (2019).
8 Adrian Solyom, Zackary Flansberry, Ma¨rta A.
Tschudin, Nathaniel Leitao, Michel Pioro-Ladrie`re,
Jack C. Sankey, and Lilian I. Childress, “Probing
a Spin Transfer Controlled Magnetic Nanowire with
a Single Nitrogen-Vacancy Spin in Bulk Diamond,”
Nano Letters 18, 6494–6499 (2018).
9 Jairo Sinova, Sergio O. Valenzuela, J. Wunderlich,
C. H. Back, and T. Jungwirth, “Spin Hall effects,”
Reviews of Modern Physics 87, 1213–1260 (2015).
10 Shufeng Zhang, “Spin Hall Effect in the Presence of Spin
Diffusion,” Physical Review Letters 85, 393–396 (2000).
11 Axel Hoffmann, “Spin Hall Effects in Metals,”
IEEE Transactions on Magnetics 49, 5172–5193 (2013).
12 Yongxi Ou, Zhe Wang, Celesta S. Chang, Hari P.
Nair, Hanjong Paik, Neal Reynolds, Daniel C. Ralph,
David A. Muller, Darrell G. Schlom, and Robert A.
Buhrman, “Exceptionally High, Strongly Tempera-
ture Dependent, Spin Hall Conductivity of SrRuO3,”
Nano Letters 19, 3663–3670 (2019).
13 Mohammed Alghamdi, Mark Lohmann, Junxue Li,
Palani R. Jothi, Qiming Shao, Mohammed Aldosary, Tang
Su, Boniface P. T. Fokwa, and Jing Shi, “Highly Efficient
Spin–Orbit Torque and Switching of Layered Ferromagnet
Fe3GeTe2,” Nano Letters 19, 4400–4405 (2019).
14 Vladislav E. Demidov, Sergei Urazhdin, Henning Ul-
richs, Vasyl Tiberkevich, Andrei Slavin, Dietmar Baither,
Guido Schmitz, and Sergej O. Demokritov, “Mag-
netic nano-oscillator driven by pure spin current,”
Nature Materials 11, 1028–1031 (2012).
15 Luqiao Liu, Chi-Feng Pai, D. C. Ralph, and R. A.
Buhrman, “Magnetic Oscillations Driven by the Spin Hall
Effect in 3-Terminal Magnetic Tunnel Junction Devices,”
Physical Review Letters 109, 186602 (2012).
16 Zheng Duan, Andrew Smith, Liu Yang, Brian Young-
blood, Ju¨rgen Lindner, Vladislav E. Demidov, Sergej O.
Demokritov, and Ilya N. Krivorotov, “Nanowire
spin torque oscillator driven by spin orbit torques,”
Nature Communications 5, 5616 (2014).
17 A. A. Awad, P. Du¨rrenfeld, A. Houshang, M. Dvornik,
E. Iacocca, R. K. Dumas, and J. A˚kerman, “Long-range
mutual synchronization of spin Hall nano-oscillators,”
Nature Physics 13, 292–299 (2017).
18 M. Collet, X. de Milly, O. d’Allivy Kelly, V. V.
Naletov, R. Bernard, P. Bortolotti, J. Ben Youssef,
V. E. Demidov, S. O. Demokritov, J. L. Prieto,
M. Mun˜oz, V. Cros, A. Anane, G. de Loubens, and
O. Klein, “Generation of coherent spin-wave modes in
yttrium iron garnet microdiscs by spin–orbit torque,”
Nature Communications 7, 10377 (2016).
19 C. Safranski, I. Barsukov, H. K. Lee, T. Schnei-
der, A. A. Jara, A. Smith, H. Chang, K. Lenz,
J. Lindner, Y. Tserkovnyak, M. Wu, and I. N.
Krivorotov, “Spin caloritronic nano-oscillator,”
Nature Communications 8, 117 (2017).
20 M. Tarequzzaman, T. Bo¨hnert, M. Decker, J. D. Costa,
J. Borme, B. Lacoste, E. Paz, A. S. Jenkins, S. Serrano-
Guisan, C. H. Back, R. Ferreira, and P. P. Fre-
itas, “Spin torque nano-oscillator driven by combined
spin injection from tunneling and spin Hall current,”
Communications Physics 2, 20 (2019).
21 T. Chen, R. K. Dumas, A. Eklund, P. K.
Muduli, A. Houshang, A. A. Awad, P. Du¨rrenfeld,
B. G. Malm, A. Rusu, and J. A˚kerman,
“Spin-Torque and Spin-Hall Nano-Oscillators,”
Proceedings of the IEEE 104, 1919–1945 (2016).
22 R. H. Liu, W. L. Lim, and S. Urazhdin, “Spectral Charac-
teristics of the Microwave Emission by the Spin Hall Nano-
Oscillator,” Physical Review Letters 110, 147601 (2013).
23 M. N. Baibich, J. M. Broto, A. Fert, F. Nguyen
Van Dau, F. Petroff, P. Etienne, G. Creuzet,
A. Friederich, and J. Chazelas, “Giant Magnetore-
sistance of (001)Fe/(001)Cr Magnetic Superlattices,”
Physical Review Letters 61, 2472–2475 (1988).
24 G. Binasch, P. Gru¨nberg, F. Saurenbach, and
W. Zinn, “Enhanced magnetoresistance in layered mag-
netic structures with antiferromagnetic interlayer ex-
change,” Physical Review B 39, 4828–4830 (1989).
25 R. E. Camley and J. Barnas´, “Theory of gi-
ant magnetoresistance effects in magnetic lay-
ered structures with antiferromagnetic coupling,”
Physical Review Letters 63, 664–667 (1989).
26 Alina M. Deac, Akio Fukushima, Hitoshi Kubota, Hi-
roki Maehara, Yoshishige Suzuki, Shinji Yuasa, Yoshi-
nori Nagamine, Koji Tsunekawa, David D. Djayaprawira,
and Naoki Watanabe, “Bias-driven high-power microwave
7emission from MgO-based tunnel magnetoresistance de-
vices,” Nature Physics 4, 803–809 (2008).
27 A. Dussaux, B. Georges, J. Grollier, V. Cros, A.V.
Khvalkovskiy, A. Fukushima, M. Konoto, H. Kubota,
K. Yakushiji, S. Yuasa, K.A. Zvezdin, K. Ando, and
A. Fert, “Large microwave generation from current-driven
magnetic vortex oscillators in magnetic tunnel junctions,”
Nature Communications 1, 8 (2010).
28 D. Houssameddine, S. H. Florez, J. A. Katine, J.-
P. Michel, U. Ebels, D. Mauri, O. Ozatay, B. De-
laet, B. Viala, L. Folks, B. D. Terris, and M.-C.
Cyrille, “Spin transfer induced coherent microwave emis-
sion with large power from nanoscale MgO tunnel junc-
tions,” Applied Physics Letters 93, 022505 (2008).
29 Zhongming Zeng, Giovanni Finocchio, Baoshun Zhang,
Pedram Khalili Amiri, Jordan A. Katine, Ilya N. Kriv-
orotov, Yiming Huai, Juergen Langer, Bruno Azzerboni,
Kang L. Wang, and Hongwen Jiang, “Ultralow-current-
density and bias-field-free spin-transfer nano-oscillator,”
Scientific Reports 3, 1426 (2013).
30 Zhongming Zeng, Pedram Khalili Amiri, Ilya N. Krivo-
rotov, Hui Zhao, Giovanni Finocchio, Jian-Ping Wang,
Jordan A. Katine, Yiming Huai, Juergen Langer, Kos-
mas Galatsis, Kang L. Wang, and HongWen Jiang,
“High-Power Coherent Microwave Emission from Mag-
netic Tunnel Junction Nano-oscillators with Perpendicular
Anisotropy,” ACS Nano 6, 6115–6121 (2012).
31 Witold Skowron´ski, Tomasz Stobiecki, Jerzy Wrona,
Gu¨nter Reiss, and Sebastiaan van Dijken, “Zero-
Field Spin Torque Oscillator Based on Magnetic Tun-
nel Junctions with a Tilted CoFeB Free Layer,”
Applied Physics Express 5, 063005 (2012).
32 M. Evelt, C. Safranski, Mohammed Aldosary, V. E.
Demidov, I. Barsukov, A. P. Nosov, A. B. Rinke-
vich, K. Sobotkiewich, Xiaoqin Li, Jing Shi, I. N.
Krivorotov, and S. O. Demokritov, “Spin Hall-
induced auto-oscillations in ultrathin YIG grown on Pt,”
Scientific Reports 8, 1269 (2018).
33 Christopher Safranski, Eric A. Montoya, and Ilya N. Kriv-
orotov, “Spin–orbit torque driven by a planar Hall cur-
rent,” Nature Nanotechnology 14, 27–30 (2019).
34 Liu Yang, Roman Verba, Vasil Tiberkevich, Tobias Schnei-
der, Andrew Smith, Zheng Duan, Brian Youngblood, Kil-
ian Lenz, Ju¨rgen Lindner, Andrei N. Slavin, and Ilya N.
Krivorotov, “Reduction of phase noise in nanowire spin or-
bit torque oscillators,” Scientific Reports 5, 16942 (2015).
35 Kai Wagner, Andrew Smith, Toni Hache, Jen-Ru Chen,
Liu Yang, Eric Montoya, Katrin Schultheiss, Ju¨rgen
Lindner, Ju¨rgen Fassbender, Ilya Krivorotov, and Hel-
mut Schultheiss, “Injection locking of multiple auto-
oscillation modes in a tapered nanowire spin Hall oscil-
lator,” Scientific Reports 8, 16040 (2018).
36 P M Braganca, B A Gurney, B A Wilson, J A Ka-
tine, S Maat, and J R Childress, “Nanoscale mag-
netic field detection using a spin torque oscillator,”
Nanotechnology 21, 235202 (2010).
37 Jacob Torrejon, Mathieu Riou, Flavio Abreu Araujo, Sum-
ito Tsunegi, Guru Khalsa, Damien Querlioz, Paolo Bor-
tolotti, Vincent Cros, Kay Yakushiji, Akio Fukushima, Hi-
toshi Kubota, Shinji Yuasa, Mark D. Stiles, and Julie
Grollier, “Neuromorphic computing with nanoscale spin-
tronic oscillators,” Nature 547, 428–431 (2017).
38 Shankar Khanal, Andrei Diaconu, Jose M Vargas,
Denny R Lenormand, Carlos Garcia, C A Ross, and
Leonard Spinu, “Exchange bias in (FeNi/IrMn)n multi-
layer films evaluated by static and dynamic techniques,”
Journal of Physics D: Applied Physics 47, 255002 (2014).
39 M. Ali, C. H. Marrows, M. Al-Jawad, B. J. Hickey,
A. Misra, U. Nowak, and K. D. Usadel, “Antiferromag-
netic layer thickness dependence of the IrMn/Co exchange-
bias system,” Physical Review B 68, 214420 (2003).
40 I. N. Krivorotov, C. Leighton, J. Nogue´s, Ivan K.
Schuller, and E. Dan Dahlberg, “Origin of com-
plex exchange anisotropy in Fe/MnF2 bilayers,”
Physical Review B 68, 054430 (2003).
41 S. I. Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Em-
ley, R. J. Schoelkopf, R. A. Buhrman, and D. C. Ralph,
“Microwave oscillations of a nanomagnet driven by a spin-
polarized current,” Nature 425, 380–383 (2003).
42 W. Rippard, M. Pufall, S. Kaka, S. E. Russek,
and T. J. Silva, “Direct-Current Induced Dy-
namics in Co90Fe10/Ni80Fe20 Point Contacts,”
Physical Review Letters 92, 027201 (2004).
43 I. N. Krivorotov, N. C. Emley, J. C. Sankey, S. I. Kise-
lev, D. C. Ralph, and R. A. Buhrman, “Time-Domain
Measurements of Nanomagnet Dynamics Driven by Spin-
Transfer Torques,” Science 307, 228–231 (2005).
44 S. S. P. Parkin, “Origin of enhanced mag-
netoresistance of magnetic multilayers: Spin-
dependent scattering from magnetic interface states,”
Physical Review Letters 71, 1641–1644 (1993).
45 Eric Montoya, Tommy McKinnon, Atieh Zamani, Erol
Girt, and Bret Heinrich, “Broadband ferromagnetic reso-
nance system and methods for ultrathin magnetic films,”
Journal of Magnetism and Magnetic Materials 356, 12–20 (2014).
46 J. Jorzick, S. O. Demokritov, B. Hillebrands, M. Bailleul,
C. Fermon, K. Y. Guslienko, A. N. Slavin, D. V.
Berkov, and N. L. Gorn, “Spin Wave Wells in
Nonellipsoidal Micrometer Size Magnetic Elements,”
Physical Review Letters 88, 047204 (2002).
47 Zheng Duan, Ilya N. Krivorotov, Rodrigo E.
Arias, Nathalie Reckers, Sven Stienen, and
Ju¨rgen Lindner, “Spin wave eigenmodes in trans-
versely magnetized thin film ferromagnetic wires,”
Physical Review B 92, 104424 (2015).
48 Mykola Dvornik and Johan A˚kerman, “Anomalous non-
linearity of the magnonic edge mode,” arXiv:1804.01585
[cond-mat] (2018).
49 V. Tshitoyan, C. Ciccarelli, A. P. Mihai, M. Ali, A. C.
Irvine, T. A. Moore, T. Jungwirth, and A. J. Ferguson,
“Electrical manipulation of ferromagnetic NiFe by antifer-
romagnetic IrMn,” Physical Review B 92, 214406 (2015).
50 Weifeng Zhang, Wei Han, See-Hun Yang, Yan Sun,
Yang Zhang, Binghai Yan, and Stuart S. P. Parkin,
“Giant facet-dependent spin-orbit torque and spin Hall
conductivity in the triangular antiferromagnet IrMn3,”
Science Advances 2, e1600759 (2016).
51 Hilal Saglam, J. Carlos Rojas-Sanchez, Sebastien Petit,
Michel Hehn, Wei Zhang, John E. Pearson, Stephane Man-
gin, and Axel Hoffmann, “Independence of spin-orbit
torques from the exchange bias direction in Ni81Fe19/IrMn
bilayers,” Physical Review B 98, 094407 (2018).
52 Jing Zhou, Xiao Wang, Yaohua Liu, Jihang Yu, Huixia Fu,
Liang Liu, Shaohai Chen, Jinyu Deng, Weinan Lin, Xinyu
Shu, Herng Yau Yoong, Tao Hong, Masaaki Matsuda, Ping
Yang, Stefan Adams, Binghai Yan, Xiufeng Han, and Jing-
sheng Chen, “Large spin-orbit torque efficiency enhanced
by magnetic structure of collinear antiferromagnet IrMn,”
8Science Advances 5, eaau6696 (2019).
53 A. Slavin and V. Tiberkevich, “Nonlin-
ear Auto-Oscillator Theory of Microwave
Generation by Spin-Polarized Current,”
IEEE Transactions on Magnetics 45, 1875–1918 (2009).
54 J. C. Sankey, I. N. Krivorotov, S. I. Kiselev, P. M. Bra-
ganca, N. C. Emley, R. A. Buhrman, and D. C. Ralph,
“Mechanisms limiting the coherence time of spontaneous
magnetic oscillations driven by dc spin-polarized currents,”
Physical Review B 72, 224427 (2005).
55 C. Boone, J. A. Katine, J. R. Childress, J. Zhu,
X. Cheng, and I. N. Krivorotov, “Experimental test of
an analytical theory of spin-torque-oscillator dynamics,”
Physical Review B 79, 140404 (2009).
56 I. N. Krivorotov, N. C. Emley, R. A. Buhrman, and
D. C. Ralph, “Time-domain studies of very-large-angle
magnetization dynamics excited by spin transfer torques,”
Physical Review B 77, 054440 (2008).
57 Ezio Iacocca, Olle Heinonen, P. K. Muduli, and Johan
A˚kerman, “Generation linewidth of mode-hopping spin
torque oscillators,” Physical Review B 89, 054402 (2014).
58 V. E. Demidov, S. Urazhdin, E. R. J. Edwards, M. D.
Stiles, R. D. McMichael, and S. O. Demokritov,
“Control of Magnetic Fluctuations by Spin Current,”
Physical Review Letters 107, 107204 (2011).
59 Tomohiro Taniguchi, J. Grollier, and M. D. Stiles,
“Spin-Transfer Torques Generated by the Anoma-
lous Hall Effect and Anisotropic Magnetoresistance,”
Physical Review Applied 3, 044001 (2015).
60 Jonathan D. Gibbons, David MacNeill, Robert A.
Buhrman, and Daniel C. Ralph, “Reorientable Spin Di-
rection for Spin Current Produced by the Anomalous Hall
Effect,” Physical Review Applied 9, 064033 (2018).
61 Seung-heon C. Baek, Vivek P. Amin, Young-Wan Oh,
Gyungchoon Go, Seung-Jae Lee, Geun-Hee Lee, Kab-Jin
Kim, M. D. Stiles, Byong-Guk Park, and Kyung-Jin Lee,
“Spin currents and spin–orbit torques in ferromagnetic tri-
layers,” Nature Materials 17, 509–513 (2018).
62 V. P. Amin and M. D. Stiles, “Spin transport at
interfaces with spin-orbit coupling: Phenomenology,”
Physical Review B 94, 104420 (2016).
63 Miguel Romera, Philippe Talatchian, Sumito Tsunegi,
Flavio Abreu Araujo, Vincent Cros, Paolo Bortolotti, Juan
Trastoy, Kay Yakushiji, Akio Fukushima, Hitoshi Kub-
ota, Shinji Yuasa, Maxence Ernoult, Damir Vodenicarevic,
Tifenn Hirtzlin, Nicolas Locatelli, Damien Querlioz, and
Julie Grollier, “Vowel recognition with four coupled spin-
torque nano-oscillators,” Nature 563, 230–234 (2018).
64 D. Markovic´, N. Leroux, M. Riou, F. Abreu Araujo, J. Tor-
rejon, D. Querlioz, A. Fukushima, S. Yuasa, J. Trastoy,
P. Bortolotti, and J. Grollier, “Reservoir computing with
the frequency, phase, and amplitude of spin-torque nano-
oscillators,” Applied Physics Letters 114, 012409 (2019).
65 H. S. Lee, S. H. Kim, T. H. Jang, H. Park, B. Min,
S. Park, and C. S. Park, “Power-Efficient Spin-Torque
Nano-Oscillator-Based Wireless Communication With
CMOS High-Gain Low-Noise Transmitter and Receiver,”
IEEE Transactions on Magnetics 55, 1–10 (2019).
Acknowledgements
This work was supported by the National Science Foun-
dation through Grants No.DMR-1610146, No.EFMA-
1641989 and No. ECCS-1708885. We also acknowl-
edge support by the Army Research Office through
Grant No.W911NF-16-1-0472, Defense Threat Reduc-
tion Agency through Grant No.HDTRA1-16-1-0025 and
the Beall Innovation Award at the University of Califor-
nia, Irvine.
Author contributions
J.R.C. made magneto-resistance and microwave emis-
sion measurements. J.R.C. and A.S. developed sam-
ple nanofabrication techniques and made the samples.
J.R.C. and E.A.M. analyzed the data. I.N.K., J.G.L.
and E.A.M. wrote the manuscript. I.N.K. and J.G.L.
planned the study. I.N.K. managed the project. All au-
thors discussed the results.
